Introduction {#Sec1}
============

Paclitaxel is one of the most widely used chemotherapeutic drugs for the treatment of cancers, including ovarian cancer, breast cancer, lung cancer, and pancreatic cancer \[[@CR1], [@CR2]\]. However, treatment with even a single dose of paclitaxel may lead to peripheral neuropathic pain, which may persist long after its cessation \[[@CR3], [@CR4]\]. Paclitaxel-induced neuropathic pain (PINP) is characterized by numbness, tingling, and ongoing burning pain in the glove and stocking areas of the hands and feet \[[@CR5], [@CR6]\]. Unfortunately, PINP is refractory to commonly used analgesic strategies, such as nonsteroidal anti-inflammatory drugs, antiepileptics, and antidepressants \[[@CR7]--[@CR9]\]. To date, no effective treatment is available to prevent or alleviate PINP due to the poor understanding of its mechanisms. Therefore, further studies are warranted to investigate novel therapeutic targets.

Previous studies have demonstrated a pivotal role of oxidative stress in PINP \[[@CR10], [@CR11]\]. Numerous reactive oxygen species (ROS) scavengers have been demonstrated to show potent analgesic effects against PINP \[[@CR12]--[@CR14]\]. Nuclear factor erythroid-2-related factor 2 (Nrf2) is considered to be a critical regulator of endogenous antioxidant defense \[[@CR15], [@CR16]\]. Under physiological conditions, Nrf2 is restricted to the cytoplasm as part of the Kelch-like ECH-associated protein 1 (Keap1)--Nrf2 complex. In response to oxidative stress, the Keap1--Nrf2 complex is dissociated. Nrf2 then translocates into the nucleus to bind antioxidant response elements, and regulates the transcription of downstream target genes, such as heme oxygenase-1 (HO-1), superoxide dismutase, glutathione reductase, and NAD(P)H:quinone oxidoreductase 1 \[[@CR17], [@CR18]\]. However, the spinal role of the Nrf2/HO-1-signaling pathway in PINP is largely unknown. In this study, we investigated the analgesic effect of oltipraz, an Nrf2 activator, in a rat model of PINP.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

Male Sprague-Dawley rats (starting weight of 200--220 g, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China) were used in the present study. The rats were housed in a controlled environment (12-h light/dark cycle) with water and food available ad libitum. All experimental procedures were approved by the Animal Care and Use Committee of Huazhong University of Science and Technology.

Establishment of the paclitaxel-induced neuropathic pain model {#Sec4}
--------------------------------------------------------------

Paclitaxel (MedChemExpress, Monmouth Junction, NJ, USA) was dissolved in DMSO at a concentration of 50 mg/mL and stored as a stock solution at −80 °C. The stock solution was then mixed with an equal volume of Tween 80 and diluted with sterile saline to a concentration of 2 mg/mL just before use. Paclitaxel (2 mg/kg) was injected intraperitoneally (i.p.) on days 0, 2, 4, and 6 at a final cumulative dose of 8 mg/kg as previously described to induce neuropathic pain \[[@CR19], [@CR20]\]. Control rats received the same volume of vehicle, which consisted of 4% DMSO and 4% Tween 80 in sterile saline.

Behavioral test {#Sec5}
---------------

Hind paw withdrawal thresholds (PWTs) in response to von Frey filament stimuli were used to assess mechanical allodynia as described previously \[[@CR21], [@CR22]\]. Briefly, animals were placed in individual chambers and allowed to acclimate for 30 min. Starting with the 2-g filament, a series of von Frey filaments (1, 1.4, 2, 4, 6, 8, 10, and 15 g) were applied to the midplantar area for 6 s per filament or until paw withdrawal. Abrupt paw withdrawal or licking in response to von Frey filament stimulation was considered a positive response. If a positive response was observed, the filament with the next lowest force was applied, and if no response occurred, the filament with the next highest force was used. The lowest force (in grams) required to elicit a positive response was recorded as the PWT. Since paclitaxel induces bilateral allodynia with no differences between the left and right hind paws, the PWT values of both paws were averaged. The experimenter who conducted the behavioral tests was blinded to the treatment conditions.

Drug administration {#Sec6}
-------------------

Oltipraz (MedChemExpress), a potent Nrf2 activator, was suspended in corn oil. Trigonelline hydrochloride (Sigma-Aldrich, Saint Louis, MO, USA), an Nrf2 inhibitor, was dissolved in sterile saline. The drug administration protocol is illustrated in Fig. [1](#Fig1){ref-type="fig"}. To determine whether a single dose of an Nrf2 activator can alleviate established PINP, oltipraz (10, 50, or 100 mg/kg, i.p.) was given on day 14 (d 14) after the first injection of paclitaxel. The behavioral test was conducted before oltipraz injection, and 0.5, 1, 2, and 4 h after injection. To determine whether repetitive administration of an Nrf2 activator can reverse established PINP, oltipraz (100 mg/kg, i.p.) was given once daily from d 14 to d 18. The behavioral test was conducted at 13th day and 1 h after oltipraz injection each day. To determine whether the Nrf2 inhibitor can reverse the analgesic effect of oltipraz, trigonelline (20 mg/kg, i.p.) was given 30 min before oltipraz. The behavioral test was conducted before trigonelline injection, and 0.5, 1, 2, and 4 h after oltipraz injection. To determine whether early treatment with an Nrf2 activator can suppress the development of PINP, oltipraz (100 mg/kg, i.p.) was given once daily from d 0 to d 6. The behavioral test was conducted on d 0 before the first injection of paclitaxel, and on d 3, d 7, d 14, and d 21.Fig. 1Schematic illustration of the experimental design. **a** To determine whether a single dose of an Nrf2 activator can alleviate established PINP, oltipraz (10, 50, or 100 mg/kg, i.p.) was given on day 14 (d 14) after the first injection of paclitaxel. The behavioral test was conducted before oltipraz injection, and 0.5, 1, 2, and 4 h after injection. **b** To determine whether repetitive injections of an Nrf2 activator can reverse established PINP, oltipraz (100 mg/kg, i.p.) was given once daily from d 14 to d 18. The behavioral test was conducted on d 13 and 1 h after oltipraz injection each day. **c** To determine whether an Nrf2 inhibitor can reverse the analgesic effect of oltipraz, trigonelline (20 mg/kg, i.p.) was given 30 min before oltipraz. The behavioral test was conducted before trigonelline injection, and 0.5, 1, 2, and 4 h after oltipraz injection. **d** To determine whether early treatment with an Nrf2 activator can suppress the development of PINP, oltipraz (100 mg/kg, i.p.) was given once daily from d 0 to d 6. The behavioral test was conducted on d 0 before the first injection of paclitaxel, and on d 3, d 7, d 14, and d 21

Western blotting {#Sec7}
----------------

After the rats were anesthetized deeply with pentobarbital sodium (100 mg/kg, i.p.), the L4--L5 spinal cord was removed and homogenized in RIPA lysis buffer with PMSF, a protease inhibitor (Boster, Wuhan, China). The homogenates were centrifuged at 12,000 rpm for 15 min at 4 °C. Then, the supernatants were collected, and the protein concentration was measured using a BCA protein assay kit (Boster). The samples were then heated at 95 °C for 10 min in loading buffer. Equivalent amounts of proteins (50 μg) were separated by electrophoresis on 10% sodium dodecyl sulfate--polyacrylamide gels and transferred to polyvinylidene fluoride membranes (PVDF, Millipore, Billerica, MA, USA). After blocking with 5% bovine serum albumin in Tris-buffered saline and Tween 20 (TBST) for 2 h at room temperature, the membranes were incubated with different antibodies: a rabbit anti-Nrf2 antibody (1:1000; 16396-1-AP, Proteintech, Chicago, IL, USA), a rabbit anti-HO-1 antibody (1:1000; A11919, ABclonal, Woburn, MA, USA), and a rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:5000; 10494-1-AP, Proteintech), overnight at 4 °C. After being washed with TBST, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5000; A21020, Abbkine) for 2 h at room temperature. The bands were finally visualized using the SuperLumia ECL Plus HRP Substrate Kit (K22030; Abbkine, Wuhan, Hubei, China) and exposed using a computerized image analysis system (ChemiDoc XRS+, Bio-Rad Laboratories, Hercules, CA, USA). The intensity of the blots was quantified using the Bio-Rad ChemiDoc XRS+ system with Image Lab software (Bio-Rad Laboratories), normalized to the loading control GAPDH, and expressed as the fold of the control. The blot density of the control groups was set as 1.

Immunofluorescence {#Sec8}
------------------

After being anesthetized deeply with pentobarbital sodium (100 mg/kg, i.p.), the rats were intracardially perfused with phosphate-buffered saline (PBS) followed by 4% ice-cold paraformaldehyde in PBS. The L4--L5 spinal cord was removed, postfixed in 4% paraformaldehyde for 4 h, and subsequently dehydrated in 30% sucrose solution for 48 h at 4 °C. The samples were sectioned into 20-μm-thick slices on a cryostat (CM1900, Leica, Wiesbaden, Germany). After being washed in PBS, the sections were penetrated with 0.3% Triton X-100 for 15 min, and blocked with 10% donkey serum for 1 h at room temperature. Then, the sections were incubated with a mixture of two primary antibodies overnight at 4 °C, followed by a mixture of Alexa Fluor 488-conjugated donkey anti-rabbit secondary antibody (1:100; 711-547-003, Jackson ImmunoResearch, West Grove, PA, USA) and Alexa Fluor 594-conjugated donkey anti-mouse secondary antibody (1:200; 715-585-150, Jackson ImmunoResearch) or Alexa Fluor 488-conjugated donkey anti-rabbit secondary antibody (1:100, Jackson ImmunoResearch) and Alexa Fluor 594-conjugated donkey anti-goat secondary antibody (1:200; 705-585-003, Jackson ImmunoResearch). Specifically, to identify the cell types that expressed Nrf2 and HO-1, each of the antibodies was mixed with a mouse anti-neuronal nuclei (NeuN) antibody (neuronal marker, 1:100, ab104224, Abcam, Cambridge, UK), a mouse anti-glial fibrillary acidic protein (GFAP) antibody (astrocytic marker, 1:200, 3670, Cell Signaling Technology, Danvers, MA, USA), or a goat anti-Iba1 antibody (microglial marker, 1:100, ab5076, Abcam). Images were then captured using a fluorescence microscope (DM2500, Leica).

Statistical analysis {#Sec9}
--------------------

The data are presented as the mean ± SEM, and were analyzed by GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was used to analyze the Western blot data. Two-way repeated-measure ANOVA followed by Bonferroni post hoc test was used to analyze the behavioral data. *P* \< 0.05 was considered statistically significant.

Results {#Sec10}
=======

Mechanical allodynia induced by intraperitoneal injections of paclitaxel {#Sec11}
------------------------------------------------------------------------

In the present study, we used a well-established rat model of PINP induced by intraperitoneal injections of paclitaxel on 4 alternating days \[[@CR23], [@CR24]\]. PWT was examined on d 0 before the first injection of paclitaxel, and on d 3, d 7, d 14, and d 21, to evaluate the development of mechanical allodynia. No significant difference in the PWT was observed between vehicle-treated rats and PINP rats on d 0 (Fig. [2](#Fig2){ref-type="fig"}). However, the PWT was significantly decreased from d 7 to d 21 (*P* \< 0.001 compared with the vehicle group, *n* = 6 in each group). In contrast, no significant change in the PWT was observed in vehicle-treated rats during the observation period. These results suggest that mechanical allodynia develops after intraperitoneal injections of paclitaxel.Fig. 2Mechanical allodynia induced by intraperitoneal injections of paclitaxel. The PWT was significantly decreased from d 7 to d 21 after the first injection of paclitaxel (\*\*\**P* \< 0.001 compared with the vehicle group, *n* = 6 in each group). In contrast, no significant change in the PWT was observed in vehicle-treated rats during the observation period

Analgesic effect of oltipraz on established mechanical allodynia in PINP rats {#Sec12}
-----------------------------------------------------------------------------

To determine whether a single dose of an Nrf2 activator can alleviate established PINP, oltipraz (10, 50, or 100 mg/kg, i.p.) was given on d 14 after the first injection of paclitaxel. The behavioral test was conducted before oltipraz injection, and 0.5, 1, 2, and 4 h after injection. No significant change in the PWT was observed after a single intraperitoneal injection of oltipraz at a dose of 10 mg/kg, compared with vehicle administration (Fig. [3a](#Fig3){ref-type="fig"}, *P* \> 0.05, *n* = 6 in each group). However, oltipraz (50 and 100 mg/kg) considerably increased the PWT of PINP rats; the change began at 0.5 h, peaked at 1 h, and lasted for \~2 h (*P* \< 0.01, *P* \< 0.001 compared with the vehicle group).Fig. 3Therapeutic and preventive effects of oltipraz on mechanical allodynia in PINP rats. **a** No significant change in the PWT was observed after a single intraperitoneal injection of oltipraz at a dose of 10 mg/kg compared with vehicle administration (*P* \> 0.05). However, oltipraz (50 and 100 mg/kg, i.p.) considerably increased the PWT of PINP rats; this change began at 0.5 h, peaked at 1 h, and lasted for \~2 h (\*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with the vehicle group, *n* = 6 in each group). **b** Repeated injections of Olti (100 mg/kg, i.p.) from d 14 to d 18 significantly reversed mechanical allodynia in PINP rats (\*\*\**P* \< 0.001 compared with the vehicle group, *n* = 6 in each group). **c** The analgesic effect of oltipraz (Olti, 100 mg/kg, i.p.) in PINP was completely abolished by the Nrf2 inhibitor trigonelline (Trig, \*\*\**P* \< 0.001 compared with the vehicle group, ^\#\#\#^*P* \< 0.001 compared with the PINP + 100 mg/kg Olti + 20 mg/kg Trig group, *n* = 6 in each group). **d** Early treatment with oltipraz (Olti, 100 mg/kg, i.p.) 30 min before the injection of paclitaxel from d 0 to d 6 significantly elevated the PWT of PINP rats on d 7, but not on d 14 or d 21 (\**P* \< 0.05 compared with the vehicle group, *n* = 6 in each group)

To determine whether repetitive injections of an Nrf2 activator can reverse established PINP, oltipraz (100 mg/kg, i.p.) was given once daily from d 14 to d 18. The behavioral test was conducted on d 13 and 1 h after oltipraz injection each day. Repeated injections of oltipraz (100 mg/kg, i.p.) significantly reversed established mechanical allodynia in PINP rats (Fig. [3b](#Fig3){ref-type="fig"}, *P* \< 0.001 compared with the vehicle group, *n* = 6 in each group). These data suggest that single and repeated injections of oltipraz have potent analgesic effects on PINP.

Reversal effect of an Nrf2 inhibitor on the analgesic effect of oltipraz {#Sec13}
------------------------------------------------------------------------

To determine whether an Nrf2 inhibitor can reverse the analgesic effect of oltipraz, trigonelline (20 mg/kg, i.p.) was given 30 min before oltipraz. The behavioral test was conducted before trigonelline injection, and 0.5, 1, 2, and 4 h after oltipraz injection. As shown in Fig. [3c](#Fig3){ref-type="fig"}, the analgesic effect of oltipraz in PINP was entirely reversed by the Nrf2 inhibitor trigonelline (*P* \< 0.001 compared with the vehicle group, *P* \< 0.001 compared with the PINP + 100 mg/kg Olti + 20 mg/kg Trig group, *n* = 6 in each group). This result suggests that oltipraz ameliorates established PINP by activating Nrf2.

Preventive effect of early treatment with oltipraz on the development of PINP {#Sec14}
-----------------------------------------------------------------------------

To determine whether early treatment with an Nrf2 activator can suppress the development of PINP, oltipraz (100 mg/kg, i.p.) was given once daily, 30 min before the injection of paclitaxel from d 0 to d 6. The behavioral test was conducted on d 0 before the first injection of paclitaxel, and on d 3, d 7, d 14, and d 21. As shown in Fig. [3d](#Fig3){ref-type="fig"}, the PWT was significantly elevated in oltipraz-treated PINP rats compared with vehicle-treated PINP rats on d 7, but not on d 14 or d 21 (*P* \< 0.05 compared with the vehicle group, *n* = 6 in each group). These results suggest that oltipraz does not completely prevent the development of mechanical allodynia induced by paclitaxel, but delays its onset.

Expression and cellular localization of Nrf2 and HO-1 in the spinal cord {#Sec15}
------------------------------------------------------------------------

Oltipraz (100 mg/kg, i.p.) was given once daily from d 14 to d 18. Trigonelline (20 mg/kg, i.p.) was given 30 min before oltipraz. One hour after the final administration, the L4--L5 spinal cord was collected to detect the expression and cellular localization of Nrf2 and HO-1 in the spinal cord, using Western blotting and immunofluorescence. As shown in Figs. [4a](#Fig4){ref-type="fig"} and [5a](#Fig5){ref-type="fig"}, the spinal expression of Nrf2 and HO-1 was significantly increased in PINP rats (*P* \< 0.05, *P* \< 0.01 compared with the vehicle group, *n* = 6 in each group). Moreover, oltipraz treatment further increased the spinal expression of Nrf2 and HO-1 in PINP rats, which was reversed by the preadministration of trigonelline (*P* \< 0.05, *P* \< 0.001 compared with the vehicle group, *P* \< 0.01, *P* \< 0.001 compared with the oltipraz-treated group). The immunofluorescence data were consistent with the Western blotting results (Figs. [4b](#Fig4){ref-type="fig"} and [5b](#Fig5){ref-type="fig"}). Moreover, both Nrf2 and HO-1 were localized in neurons (Figs. [4b](#Fig4){ref-type="fig"} and [5b](#Fig5){ref-type="fig"}), and somewhat in astrocytes (Supplementary Fig. [S1a](#MOESM1){ref-type="media"} and [S2a](#MOESM2){ref-type="media"}) and microglia (Supplementary Fig. [S1b](#MOESM1){ref-type="media"} and [S2b](#MOESM2){ref-type="media"}) in the spinal cord dorsal horn. These results indicate that oltipraz may attenuate PINP by activating the Nrf2/HO-1-signaling pathway.Fig. 4Oltipraz increased the expression of Nrf2 in the spinal cords of PINP rats. **a** The spinal expression of Nrf2 was significantly increased in PINP rats (\**P* \< 0.05 compared with the vehicle group, *n* = 6 in each group). Moreover, oltipraz treatment further increased the spinal expression of Nrf2 in PINP rats, which was reversed by the preadministration of trigonelline (\**P* \< 0.05, \*\*\**P* \< 0.001 compared with the vehicle-treated group, ^\#\#\#^*P* \< 0.001 compared with the oltipraz-treated group). **b** Nrf2 (green) was localized in neurons (as indicated by NeuN, a neuronal marker, red)Fig. 5Oltipraz increased the expression of HO-1 in the spinal cords of PINP rats. **a** The spinal expression of HO-1 was significantly increased in PINP rats (\*\**P* \< 0.01 compared with the vehicle group, *n* = 6 in each group). Moreover, oltipraz treatment further increased the spinal expression of HO-1 in PINP rats, which was reversed by the preadministration of trigonelline (\**P* \< 0.05, \*\*\**P* \< 0.001 compared with the vehicle group, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 compared with the oltipraz-treated group). **b** HO-1 (green) was localized in neurons (as indicated by NeuN, a neuronal marker, red)

Discussion {#Sec16}
==========

In this study, we showed that (1) single and repeated injections of oltipraz had potent analgesic effects on established PINP, which were blocked by an Nrf2 inhibitor; (2) early treatment with oltipraz delayed the onset of PINP; (3) oltipraz further increased the expression of Nrf2 and HO-1 in the spinal cords of PINP rats. Taken together, these results provide solid evidence that oltipraz ameliorates PINP by activating the Nrf2/HO-1-signaling pathway in the spinal cord.

As a frontline chemotherapeutic agent, paclitaxel often leads to the occurrence of PINP, which may result in the discontinuation of chemotherapy \[[@CR25], [@CR26]\]. In addition, PINP usually persists long after the cessation of paclitaxel treatment, and is unfortunately refractory to commonly used analgesic strategies; thus, it affects the quality of life of cancer patients \[[@CR27], [@CR28]\]. It has been reported that ROS scavengers significantly attenuate and prevent the development of PINP in animal models \[[@CR12]--[@CR14]\]. Moreover, various antioxidants have been demonstrated to show protective effects against PINP in clinical trials \[[@CR29], [@CR30]\]. These studies suggest that oxidative stress plays a pivotal role in the development of PINP. The Nrf2/HO-1-signaling pathway is a promising therapeutic target for defense against oxidative stress \[[@CR31], [@CR32]\]. Previously, sulforaphane, another Nrf2 activator, was shown to possess potent analgesic effects \[[@CR33], [@CR34]\]. Moreover, an HO-1 inducer exerts antinociceptive effects against neuropathic- and inflammatory pain \[[@CR35]--[@CR38]\]. However, the spinal role of the Nrf2/HO-1-signaling pathway in PINP remains largely unknown.

In the present study, we first determined the analgesic effect of the Nrf2 activator oltipraz in PINP. The behavioral results showed that a single dose of oltipraz significantly attenuated established mechanical allodynia in PINP rats, which was markedly blocked by the Nrf2 inhibitor trigonelline. The analgesic effect began at 0.5 h, peaked at 1 h, and lasted for \~2 h, suggesting that the analgesic effect was acute. Considering the time course of new protein synthesis, it is unlikely that increased expression of Nrf2 and HO-1 contributed to the acute analgesic effect of oltipraz. Therefore, we repeatedly administered oltipraz for 5 consecutive days, and a behavioral test was conducted 1 h after administration. We found that the repetitive administration of oltipraz considerably reversed established PINP. The acute analgesic effect of oltipraz might be attributed to increased activity of Nrf2 rather than increased expression of Nrf2. To determine whether early treatment with an Nrf2 activator can suppress the development of PINP, oltipraz (100 mg/kg, i.p.) was given once daily, 30 min before the injection of paclitaxel from d 0 to d 6. We found that the PWT was significantly elevated in oltipraz-treated PINP rats compared with vehicle-treated PINP rats on d 7, but not on d 14 or d 21. Repetitive treatment with oltipraz may have resulted in a cumulative analgesic effect that led to an elevated PWT on d 7. However, this cumulative analgesic effect may not have lasted for more than 1 week, leading to decreased PWTs on d 14 and d 21. Similarly, Kim et al. demonstrated that the intrathecal injection of sulforaphane either 5 min before or 1 h after L5 spinal nerve transection (SNT) significantly inhibits the induction of neuropathic pain \[[@CR39]\]. However, sulforaphane administration on d 7 after surgery fails to suppress SNT-induced pain hypersensitivity. This discrepancy is mainly due to different animal models. Microglia are significantly activated at an early time point after SNT, which contributes to the induction of neuropathic pain following SNT. The analgesic effect of sulforaphane against SNT-induced neuropathic pain is primarily due to the inhibition of NADPH oxidase 2-derived ROS in spinal cord microglia. Therefore, sulforaphane may prevent the development of SNT-induced neuropathic pain, but fails to attenuate established pain hypersensitivity. However, microglia are not activated in the spinal cord after paclitaxel treatment, thus excluding their role in the pathogenesis of PINP \[[@CR40]\]. In a very recent study, Díaz et al. claimed that oltipraz possesses analgesic and antidepressant effects in a mouse model of neuropathic pain induced by chronic constriction of the sciatic nerve \[[@CR41]\]. They found that the inhibition of microglial activation and induction of the Nrf2/HO-1-signaling pathway in the hippocampus and/or prefrontal cortex contributes to the protective effects of oltipraz.

Nrf2 is one of the master regulators of endogenous antioxidant defense \[[@CR42]\]. In response to oxidative stress, Nrf2 promotes the expression of a wide variety of antioxidant genes, including HO-1. Previous studies have demonstrated that the induction of HO-1 expression has potential analgesic effects. Shen et al. found that both the intraperitoneal injection of HO-1 inducer CoPP and the intraspinal injection of an HO-1-expressing lentivirus alleviates vincristine-induced neuropathic pain \[[@CR43]\]. A similar analgesic effect of CoPP was demonstrated in a mouse model of L5 spinal nerve ligation (SNL)-induced neuropathic pain \[[@CR44]\]. More importantly, Kim et al. found that the analgesic effect of the Nrf2 activator sulforaphane can be completely blocked by the HO-1 inhibitor protoporphyrin \[[@CR39]\]. These results indicate that HO-1 plays a vital role in the analgesic effect of Nrf2 activators. We then examined the spinal expression and cellular localization of Nrf2 and HO-1 after oltipraz and paclitaxel treatments. To our knowledge, only a few studies have investigated the expression and distribution of Nrf2 and HO-1 in the spinal cord under chronic pain conditions. Our results showed that the spinal expression of Nrf2 and HO-1 was significantly increased in PINP rats, indicating the activation of the endogenous antioxidant defense system. Furthermore, oltipraz treatment further increased the spinal expression of Nrf2 and HO-1 in PINP rats, which was reversed by the preadministration of trigonelline. However, decreased expression or no significant change in Nrf2 was reported in the DRGs of PINP rats \[[@CR45]--[@CR47]\]. The discrepancy might be attributed to differences in the tissues examined, and the time points of tissue collection. Interestingly, it seems that the expression of Nrf2 is altered in different stages and tissues in the PINP model. This suggests that Nrf2 may play distinct roles in particular stages and tissues, but this requires further study. These results indicate that oltipraz may attenuate PINP by activating the Nrf2/HO-1-signaling pathway in the spinal cord.

In summary, this study provides solid evidence that oltipraz significantly attenuates established PINP, and delays the onset of PINP, which can be reversed by an Nrf2 inhibitor. Moreover, the underlying mechanism of the analgesic effect of oltipraz in PINP might be due to induction of the Nrf2/HO-1-signaling pathway in the spinal cord. However, it remains unknown whether oltipraz alleviates PINP by directly reducing the level of ROS in the spinal cord, which is one of the limitations of this study. In addition, it would be interesting to determine whether ROS donors can reduce the analgesic effect of oltipraz, and whether oltipraz provides further benefits after animals are treated with antioxidants. Further studies are warranted to unravel these questions. It is worth mentioning that a variety of studies have indicated that oltipraz exerts cancer chemopreventive effects \[[@CR48]\]. In addition, clinical trials have demonstrated the efficacy and safety of oltipraz in patients with nonalcoholic fatty liver disease or liver fibrosis \[[@CR49], [@CR50]\]. However, Weerachayaphorn et al. found that oltipraz treatment exacerbates the severity of liver injury following bile duct ligation in mice \[[@CR51]\]. Therefore, drug-related toxicity should not be ignored. Taken together, our results suggest that novel or currently available Nrf2 activators may become alternative therapeutic strategies for the management of PINP in the clinic.
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